Viruses can cause but can also prevent autoimmune disease. This dualism has certainly hampered attempts to establish a causal relationship between viral infections and type 1 diabetes (T1D). To develop a better mechanistic understanding of how viruses can influence the development of autoimmune disease, we exposed prediabetic mice to various viral infections. We used the well-established NOD and transgenic RIP-LCMV models of autoimmune diabetes. In both cases, infection with the lymphocytic choriomeningitis virus (LCMV) completely abrogated the diabetic process. Interestingly, such therapeutic viral infections resulted in a rapid recruitment of T lymphocytes from the islet infiltrate to the pancreatic draining lymph node, where increased apoptosis was occurring. In both models this was associated with a selective and extensive expression of the chemokine IP-10 (CXCL10), which predominantly attracts activated T lymphocytes, in the pancreatic draining lymph node, and in RIP-LCMV mice it depended on the viral antigenic load. In RIP-LCMV mice, blockade of TNF-α or IFN-γ in vivo abolished the prevention of T1D. Thus, virally induced proinflammatory cytokines and chemokines can influence the ongoing autoaggressive process beneficially at the preclinical stage, if produced at the correct location, time, and levels.
Introduction
Since development of type 1 diabetes (T1D) exhibits significant discordance in monozygotic twins carrying diabetes susceptibility MHC alleles (1-3), environmental factors such as infectious agents have been implicated as possible causes (4) (5) (6) (7) (8) . However, attempts to establish a direct epidemiological association between viral infections and various autoimmune disorders have been unsuccessful (9) . One of the reasons for this failure is the fact that viruses can enhance as well as abrogate autoimmune processes (10) (11) (12) (13) (14) (15) (16) (17) . While several viral infections have been associated with diabetes in northern countries (4) (5) (6) (7) (8) , the incidence of both T1D and MS is reduced in equatorial countries, where microbial infections are more frequent (1) (2) (3) 9) . Since each individual has frequently incurred multiple different viral infections by the time the autoimmune disease is diagnosed (9) , this dual effect likely hampers establishment of a causal association. In addition, positive and negative effects could create an equilibrium that is only rarely disturbed, resulting in disease in relatively few individuals. As a consequence, the pattern of viral infections encountered could be similar in nondiabetic compared with diabetic genetically predisposed patients. It is well described that viral infections can enhance autoimmunity via bystander activation (18) or molecular mimicry (4-8, 19, 20) . However, not much is known about how they prevent autoimmune diabetes. Studies in humans have been hampered by the fact that immune-mediated damage or modulation might occur after the causative viral infection has been cleared (a "hit and run" event) so that no viral "footprints" would be easily detectable in the affected organ(s). The purpose of the present study was twofold. First, we wished to examine whether viral infections could negatively influence an ongoing autoimmune process. Second, we wished to better understand mechanistically how islet destruction is abrogated.
We chose the well-established NOD mouse model of spontaneous diabetes (21) and the RIP-LCMV transgenic mouse model of virally induced autoimmune diabetes (22, 23) . RIP-LCMV mice express the lymphocytic choriomeningitis virus (LCMV) nucleoprotein (NP) as a target autoantigen in their β cells under control of the rat insulin promoter (RIP). The line used here offered the unique feature that clinical diabetes (>90% incidence) only develops 2 months after triggering of the autoimmune process with LCMV infection (24) . Simi-lar to human T1D, disease in this murine model depends on both CD4 and CD8 lymphocytes, and autoantibodies to islet antigens are detectable prior to the onset of clinically overt diabetes (25) . The 2-month window between viral (LCMV) trigger and disease development made this model ideally suited for testing the influence of sequential viral infections in a preclinical (prediabetic) state, when pancreatic insulin levels still suffice to maintain normoglycemia but the autoimmune process has already been initiated. Further, the autoaggressive response is easily traceable and quantifiable in this model, because the immunologically relevant LCMV-NP CD4 and CD8 T cell epitopes that cause disease have been defined (26) (27) (28) .
In both models, we found that virally induced expression of IFN-γ-inducible protein 10 (IP-10, CXCL10) is higher in the pancreatic draining lymph node (PDLN) than in the islets. The expression of IP-10 in the PDLN is associated with a rapid egress of infiltrating lymphocytes that are usually present during the prediabetic insulitis. As a consequence, disease progression is halted and islet infiltration is reduced, leading to prevention of disease.
Methods
Breeding scheme and origin of mice. Generation of H-2 b RIP-LCMV-NP transgenic mice has been described previously (23, 24) . Mice were genotyped by PCR and Southern blotting as described by us previously (24) . NOD/LtJ mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA).
Virus. We used LCMV strains Armstrong (Arm) and Pasteur (Past) (29) , and an LCMV escape variant (NPvar) selected not to recognize the H-2D b -restricted NP epitope (30) . This variant had a mutation in the immunodominant NP CTL epitope AA396-404 with a Phe-to-Leu change in residue 403, which completely abrogated the CTL response to NP in vitro and in vivo but allowed for a normal response to the two immunodominant glycoprotein (GP) CTL epitopes AA33-41 and AA276-286. The viruses were plaque-purified three times on Vero cells, and stocks were prepared by a single passage on BHK-21 cells. To trigger diabetes, RIP-LCMV-NP mice were infected with a single intraperitoneal (i.p.) dose of 10 5 PFUs of LCMV-Arm unless indicated otherwise.
Blood glucose measurements. Blood samples were obtained from the retro-orbital plexus, and plasma glucose concentration was determined using OneTouch Ultra (LifeScan, Milpitas, California, USA). Mice with blood glucose values higher than 300 mg/dl were considered diabetic (31) .
RNase protection assay. Total RNA was isolated from whole-pancreas homogenates using TRI Reagent (Molecular Research Center Inc., Cincinnati, Ohio, USA). RNA was extracted with chloroform, subjected to isopropanol precipitation, and washed with ethanol. Twenty micrograms of total pancreatic RNA or PDLN was used for hybridization with a 32 P-UTP-labeled multitemplate set provided by a commercial kit (RiboQuant, mCK-5c; Pharmingen, La Jolla, California, USA). The RNase protection assay was carried out according to the manufacturer's guidelines. The resulting analytical acrylamide gel was scanned using a Storm 860 PhosphorImaging system (Molecular Dynamics, Sunnyvale, California, USA), and the intensity of bands corresponding to protected mRNAs was quantified with ImageQuant image-analysis software (Molecular Dynamics) using L32 as a reference gene.
Cytotoxicity precursor CTL assays. For analysis of precursor frequency, splenic lymphocytes were diluted serially and cultivated in 96-well flat-bottom plates in the presence of T cell growth factor, LCMV-infected macrophages (irradiated with 20 Gy), and syngeneic irradiated spleen-feeder cells or syngeneic feeder cells coated with 10 µM LCMV NP 396 H-2D b peptide (FQPQNGQFI) (10 5 per well), as described (31) . After 5-9 days, each well was assayed for CTL lysis (described above) on target cells that were uninfected, LCMVinfected, or LCMV NP 396 H-2D b -peptide coated. The fraction of negative cultures (those with percentage lysis less than three SEs above background lysis of uninfected target cells) was determined for each dilution and correlated on a semilogarithmic scale with the number of splenocytes per well. The number of precursor CTLs (pCTLs) was determined according to the formula: pCTL = [4.6 -ln (% negative wells)]/number of splenocytes per well.
Immunohistochemistry. Organs were harvested at the times indicated, immersed in Tissue-Tek OCT compound (Sakura Finetek USA Inc., Torrance, California, USA), and quick-frozen on dry ice. Six-to ten-micrometer tissue sections were cut using a cryomicrotome and sialin-coated Superfrost Plus slides (Fisher Scientific Co., Pittsburgh, Pennsylvania, USA). Sections were fixed with 90% EtOH at -20°C and washed in PBS, and then avidin-biotin was blocked using the avidin/biotin blocking kit from Vector Laboratories Inc. (Burlingame, California, USA). Primary and biotinylated secondary antibodies (Vector Laboratories Inc.) were incubated with the sections for 30 minutes each, and color reaction was obtained by sequential incubation with avidin-peroxidase conjugate (Vector Laboratories Inc.) and diaminobenzidine-hydrogen peroxide. The primary antibodies used were rat anti-mouse CD8α (ly2), rat anti-mouse CD8β (ly3), rat anti-mouse ICAM-1 (all from Pharmingen, San Diego, California, USA), and rat anti-mouse MHC class I (Bachem Biochemicals Inc., King of Prussia, Pennsylvania, USA).
Staining for apoptosis (TUNEL) . Quick-frozen 6-to 10-µm sections of pancreas and PDLNs were probed for the presence of apoptotic cells with a basic TUNEL assay using the ApopTag peroxidase in situ apoptosis detection kit (Intergen Co., Purchase, New York, USA) according to the manufacturer's guidelines. Briefly, TUNEL assay detects DNA strand breaks that are characteristic of the DNA fragmentation that occurs during apoptosis. Tissue sections were fixed with 1% paraformaldehyde and ethanol/acetic acid (2:1), washed, and incubated with terminal deoxynucleotidyl transferase to label free 3′OH DNA termini with digoxigenin-dNTP. Incorporated digoxigenin-dNTP was detected by sequential incubation with peroxidase-conjugated anti-digoxigenin mAb and diaminobenzidine-hydrogen peroxide.
Staining for apoptosis (flow cytometry). LCMV-NP-and LCMV-GP-specific cells were identified using H-2D b (NP 396 )-tetramers and H-2D b (GP 33 )-tetramers, respectively. MHC class I tetramers were generated using the immunodominant H-2D b -restricted LCMV peptides NP 396-404 (FQPQNGQFI) and GP [33] [34] [35] [36] [37] [38] [39] [40] [41] (KAVYNFATC) for refolding and biotin-protein ligase BirA (Avidity, Denver, Colorado, USA) for biotinylation of the refolded MHC-peptide complexes using previously described procedures (32, 33) . Biotinylated MHC-peptide complexes were tetramerized with allophycocyanin-conjugated streptavidin (Molecular Probes Inc., Eugene, Oregon, USA). Cells were stained with a FITC-conjugated anti-CD8 mAb (Pharmingen, La Jolla, California, USA), with allophycocyanin-conjugated H-2D b -tetramers, and, for apoptosis, with phycoerythrin-conjugated annexin V (Pharmingen, La Jolla, California, USA) according to the manufacturer's guidelines. Cells were acquired and analyzed on a FACSCalibur flow cytometer using CellQuest software (Becton Dickinson Biosciences, San Jose, California, USA). For assessment of apoptosis, LCMV-specific CD8 lymphocytes were gated for CD8 hi and H-2D btetramer hi and then analyzed for annexin V binding.
In vivo blockade of IFN-γ and TNF-α. RIP-LCMV-NP mice were infected i.p. with 10 5 PFUs of LCMV-Arm on day 0 and with 10 5 PFUs of LCMV-Past 1 month after LCMV-Arm infection. Human TNFR55-IgG1 fusion protein (TNF-blocking reagent; kindly provided by Werner Lesslauer, F. Hoffmann-La Roche Ltd., Basel, Switzerland) was given at 100 µg (i.v.) on days 1, 3, 6, and 9 after secondary (Past) infection, and neutralizing rat anti-mouse IFN-γ antibody (Pharmingen, San Diego, California, USA) was given at 50 µg (i.v.) on days 1, 3, 6, and 9 after secondary (Past) infection. Blood glucose was measured in weekly intervals, and values greater than 300 mg/dl were considered diabetic.
Results

Prevention of diabetes in NOD and RIP-LCMV mice by a viral infection.
To test the hypothesis that virally induced inflammation can disrupt the progression of a prediabetic state to autoimmune disease, we chose the following experimental setup. First, RIP-LCMV-Arm-NP mice were infected i.p. with 10 5 PFUs of LCMV-Arm to initiate T1D. RIP-LCMV-NP mice usually develop diabetes within 2-3 months after the triggering LCMV infection (24) . However, when these mice received a secondary infection with LCMV during the prediabetic phase 4 weeks after the autoreactive process had been triggered, diabetes was completely prevented. Interestingly, abrogation of disease did not occur after i.p. injection of 10 5 PFUs of the autologous LCMV strain Armstrong (LCMV-Arm). In contrast, inoculation with the related LCMV strain Pasteur (LCMV-Past) at the same dose (10 5 PFUs i.p.) prevented disease in all RIP-LCMV-NP mice that were initially infected with LCMVArm ( Figure 1a) . In both instances, the secondary infections were cleared and abrogation of diabetes was not associated with viral persistence (data not shown). These observations were unexpected, because LCMV strains Arm and Past share a mostly homologous NP sequence and therefore the immunodominant NP epitopes recognized by autoreactive CD4 and CD8 lymphocytes are conserved (29, 34) . Thus, one would have expected enhancement of disease. Supporting the finding that both LCMV strains can elicit a diabetogenic NP response is the observation that they induced T1D in RIP-LCMV-NP mice, when given as single infections (Figure 1b) . The single-infection experiments agree also with earlier reports that showed a correlation between numbers of autoreactive lymphocytes generated after primary LCMV infection of RIP-LCMV-NP mice and severity and incidence of diabetes (35) . Here, infection with LCMV-Arm induced a frequency of 1 in 4,000 pCTLs specific for the immunodominant NP epitope NP 396 , resulting in 95-100% diabetes, and infection with LCMV-Past induced slightly fewer, 1 in 6,500 NP 396 -specific pCTLs, resulting in 50% diabetes ( Figure  1b ). In contrast, infection with an NP escape variant that was described by us previously (36) induced a frequency that was below the detection limit of 1 in 20,000 NP 396 -specific pCTLs, resulting in no diabetes ( Figure 1b) . Thus, in the secondary-infection experiments, one would have expected an augmentation of autoimmunity after repriming of LCMV-specific memory lymphocytes by both LCMV strains, but not the abrogation of disease that we found here. Two principal mechanisms came to mind, one involving direct antigenic recognition of autoreactive lymphocytes, the other non-antigen-specific inflammatory processes. We decided to explore both. Thus, we extended our observations to another diabetes model, in order to assess whether abrogation of disease could also occur in the absence of antigenic recognition.
Interestingly, acute LCMV infection was also capable of preventing diabetes in prediabetic NOD mice ( Figure  1c ). Single i.p. infection of NOD mice at week 10 of age with 10 5 PFUs of LCMV-Arm resulted in a marked reduction of T1D incidence compared with that in uninfected NOD mice ( Figure 1c ). In addition, late administration of LCMV-Arm, at a time when some of the NOD mice had already developed clinically overt diabetes (week 20 of age), stopped further increase of T1D incidence. However, most of the NOD mice that were diabetic at the time of LCMV-Arm infection remained diabetic to the end of the observation period (Figure 1c) , and no reversion of clinical disease occurred.
Administration of LCMV reduces islet infiltration in the RIP-LCMV-NP and NOD mouse models.
We first examined the target organ histologically to determine the events tak-ing place immediately after the abrogative viral infections. As displayed in Figure 2 , inoculation of prediabetic RIP-LCMV-NP mice with LCMV-Past was associated with a loss of cellular infiltration that was obvious as early as 3 days after infection ( Figure 2b , lower panels). In contrast, infection with LCMV-Arm did not have a detectable influence on islet infiltration ( Figure  2b , middle panels), and islets remained heavily infiltrated by both CD8 and CD4 T cells in a pattern similar to that of the infiltration usually found 1 month after primary/initiating LCMV-Arm infection ( Figure  2b , upper panels). The overall degree of islet inflammation was determined in several tissue sections from three or four mice per group using the following scoring system: 0, no infiltration; 1, some peri-insular infiltration; 2, heavy peri-insular infiltration with some intra-insular infiltrates; 3, heavy intra-insular infiltration and/or islet scars (Figure 2c ). Mice that received a secondary infection with LCMV-Past showed a reduced overall infiltration of islets (mean score of 0.88) when compared with mice that did not receive secondary infection or LCMV-Arm (mean scores of 1.79 and 2.00, respectively). Only very few (∼10%) of the islets examined had heavy intra-islet infiltration after LCMV-Past infection (score group 3). In contrast, more than 40% of all islets were heavily infiltrated in LCMV-Arminfected mice and in mice that did not receive a secondary infection (Figure 2c) .
A similar exodus of islet-infiltrating lymphocytes was observed in the NOD mouse. Female NOD mice were infected with either LCMV-Arm or LCMV-Past (both i.p. at 10 5 PFUs) at week 9 of age. At day 3 postinfection, pancreata and PDLNs were removed and analyzed for islet infiltration. As displayed in Figure 2 , islet infiltration did not progress as much as observed in RIP-LCMV mice at week 4 after infection with LCMV (Figure 2b, upper panels) . However, infection with both LCMV-Arm and LCMV-Past reduced islet infiltration by both CD8 and CD4 T cells in the NOD mouse (Figure 2b , middle and lower panels). The mean insulitis score was reduced from 0.92 in uninfected NOD mice to 0.11 and 0.44 in mice that were infected with LCMVArm or LCMV-Past, respectively (Figure 2c ). The rapid egress of lymphocytes from islets in both diabetes models was very striking, and we next examined which events were underlay this phenomenon.
Infection with LCMV induces a chemokine gradient between the PDLN and the pancreas. Chemokines play an important role in the innate defense system against invading microorganisms by attracting lymphocytes and other leukocytes to the site of infection. Among the large family of chemokines, IP-10 (CXCL10) plays a unique role after viral infection of the pancreas. Our previous observations demonstrated that the early and selective expression of IP-10 after infection with LCMV was responsible for the subsequent development of T1D (37) . Selective blockade of IP-10 with a neutralizing anti-IP-10 mAb abrogated T1D in the RIP-LCMV mouse (37) . Therefore, we used RNase protection assay to analyze the expres- In contrast to IP-10, none of the other chemokines analyzed -lymphotactin (XCL1), eotaxin (CCL11), MIP-1α (CCL3), MIP-1β (CCL4), TCA-3 (CCL1), and MCP-1 (CCL2) -was significantly upregulated at day 1 after infection with either LCMV-Past or LCMV-Arm (data not shown). Constitutive expression of RANTES (CCL5) was found in the PDLN, but not in the pancreas, of uninfected NODs and of RIP-LCMV-NP mice that did not receive a secondary infection. However, expression of RANTES was not upregulated after infection with LCMV. Interestingly, our previous findings demonstrated that CXCR3, the only cellular receptor for IP-10 known to date (38) , is indeed expressed on more than 95% of LCMV-NP 396 -specific CD8 T cells upon LCMV infection (37) .
The LCMV-induced IP-10 gradient between the pancreas, where IP-10 was low, and the PDLN, where it was high, suggested that CXCR3-bearing autoaggressive CD8 T cells left the islets and migrated rapidly to the PDLN following abrogative LCMV infection. The higher concentration of IP-10 that abrogative viral infection induced in the PDLN likely caused recruitment of lymphocytes away from the target area (islets), and a reduction of insulitis.
Abrogation of diabetes following LCMV infection is associated with increased apoptosis in the PDLN of NOD and RIP-LCMV mice.
To further follow the fate of islet-infiltrating cells that appeared to be attracted to the PDLN after LCMV-induced inflammation, we performed TUNEL staining of tissue sections from PDLN. Indeed, we found an increased frequency of apoptotic cells as early as 3 days after the second viral infection with LCMVPast ( Figure 3, lower panels) . In RIP-LCMV-NP mice that had not received a secondary infection and in those that had received the nonabrogative infection with LCMV-Arm, only a few scattered apoptotic cells could be found. In contrast, abrogative infection with LCMVPast induced typical clusters of apoptotic cells throughout the PDLN (Figure 3, lower left panel) . Similar to LCMV-Past-infected RIP-LCMV-NP mice, TUNEL staining of PDLN sections harvested from NOD mice revealed an increased frequency of apoptotic cells as early as 3 days after viral infection with both LCMV-Past and LCMV-Arm (Figure 3, lower right panel) . Only a few apoptotic cells were present in PDLN of uninfected NOD mice. In contrast, infection with LCMV-Past induced clusters of apoptotic cells throughout the PDLN in a very similar manner to that observed after secondary infection of RIP-LCMV-NP mice with LCMVPast (Figure 3, lower right panel) . Interestingly, even infection with LCMV-Arm induced apoptotic clusters in the NOD mouse, which correlate with the reduced islet infiltration detected in the pancreas of NOD mice infected with LCMV-Arm (Figure 2b) . Thus there appears to be a clear correlation between increased apoptosis in the PDLN and prevention of diabetes in both RIP-LCMV and NOD mouse models.
In RIP-LCMV mice, apoptosis of autoaggressive (LCMV-specific) CD8 lymphocytes in the PDLN is enhanced after protective viral infection.
One of the advantages of the RIP-LCMV mouse model of T1D is that the target antigen is precisely defined and all the immunodominant and subdominant epitopes for LCMV-NP are known. Therefore, we used the RIP-LCMV model to further dissect the mechanism underlying disruption of the ongoing autoreactive process directly at the level of LCMV-NP 396 -specific (autoaggressive) lymphocytes. The numbers of such autoaggressive CD8 lymphocytes were assessed in the blood, in the spleen, and locally in the PDLN. We compared RIP-LCMV-NP mice that had only received the diabetes-triggering infection (10 5 PFUs i.p.) of either LCMVArm or LCMV-Past with mice that received the initial/primary LCMV-Arm infection followed by an i.p. secondary challenge with 10 5 PFUs of either LCMV-Arm (nonabrogative) or LCMV-Past (abrogative of T1D). As shown in Figure 4a , after undergoing an initial phase of expansion (day 7), LCMV-NP-specific pCTLs were found (Figure 4b , right panels). Thus, increased activation of autoreactive CTLs during an ongoing autoimmune process may lead to their apoptosis and overall disruption of the autoimmune process. At day 180 postinfection, nondiabetic mice that received a secondary infection with LCMVPast had minimal CD8 lymphocytes in their islets and did not develop diabetes during their lifetime. The protection from diabetes was not caused by regulatory lymphocytes, since it was not transferable (data not shown) and no significant differences in Th1/Th2 regulatory cytokines, such as IFN-γ, IL-4, and IL-10, were found in pancreata of doubly infected mice without diabetes (RNase protection analysis; data not shown).
High load of viral antigen correlates with disruption of the autoimmune process in RIP-LCMV mice.
Since, in RIP-LCMV mice as opposed to NOD mice, a direct antigenic crossreactivity was given between the abrogative viral strain and the β cell autoantigen (LCMV-NP), we asked whether a direct antigen-specific component might play an important role in the diabetes prevention that we had observed after LCMV-Past, but not LCMV-Arm, infection. Furthermore, both strains prevented disease in the NOD mice, whereas only LCMV-Past prevented disease in RIP-LCMV mice. One possibility for this discrepancy between NOD and RIP-LCMV mice was a difference in viral load and the associated difference in viral antigen as well as inflammation in the individual organs involved. Indeed, T lymphocyte relocalization and disease abrogation after LCMV infection of prediabetic mice correlated with higher viral titers detected in the pancreas, the spleen, and the PDLN 3 days after inoculation. Challenge with LCMV-Past resulted in viral titers ranging from 3 × 10 5 PFUs/10 mg tissue (pancreas) up to 3 × 10 6 PFUs/10 mg tissue (PDLN) ( Figure 5 ). In contrast, i.p. infection with 10 5 PFUs of LCMV-Arm that did not prevent diabetes yielded viral titers that were up to three orders of magnitude lower ( Figure 5 ). The marked differences in the viral load between primary and secondary LCMV-Arm infection are most likely a direct consequence of LCMV-Arm immunity occurring after primary infection of RIP-LCMV mice, resulting in accelerated LCMV-Arm clearance. In accordance with this finding, LCMV-NP 396 -specific autoreactive CTLs were activated and expanded more strongly after secondary infection with LCMV-Past (Figure 4a ) but exhibited TNF-α and IFN-γ production similar to that observed after secondary LCMV-Arm infection. 
Blockade of IFN-γ or TNF-α prevents abrogation of diabetes by secondary viral infection in RIP-LCMV mice.
To examine whether cytokines, such as TNF-α or IFN-γ, that are known to play an important role in initiating and/or maintaining an inflammatory process were required for the abrogation of diabetes after a second viral infection, we immunized RIP-LCMV-NP mice with 10 5 PFUs LCMV-Past (i.p.) 1 month after initiation of diabetes with LCMV-Arm and then blocked TNF-α or IFN-γ systemically with specific blocking agents. Both the TNF receptor IgG1 fusion protein and the antibody to IFN-γ had been shown to neutralize these cytokines on a systemic level (39, 40) and had clear in vivo activity as evidenced by their ability to prevent LCMVinduced diabetes in our RIP-LCMV-GP model system for rapid-onset T1D (24, 41) . In the present study, RIP-LCMV-NP mice were treated with the blocking reagents on days 1, 3, 6, and 9 after the abrogative LCMV-Past infection. As shown in Figure 6 , blockade of either TNF-α or IFN-γ prevented the abrogative effect of the second viral infection, and diabetes developed in the majority of mice (Figure 6a) . Thus, cytokines with predominantly proinflammatory functions (36) can also have beneficial effects during an ongoing autoimmune process. In this scenario they appear to be involved in enhancing apoptosis of autoaggressive lymphocytes after their initial activation.
In vitro blockade of TNF-α but not IFN-γ prevents apoptosis of activated, autoaggressive CD8 T cells. We further sought to investigate whether TNF-α and/or IFN-γ could play a direct role in the destruction of autoaggressive CD8 T cells in vitro. We harvested the spleen and the PDLN of C57BL/6 mice at days 7 and 30 after LCMV-Arm infection, stimulated the cells overnight with the immunodominant NP 396 peptide in the presence or absence of blocking reagents for TNF-α (TNFR55-IgG1) or IFN-γ (anti-IFN-γ mAb), and analyzed the frequency of apoptotic D b (NP 396 )-specific CD8 T cells using annexin V staining. Blocking of TNF-α resulted in a drastically reduced frequency of apoptotic D b (NP 396 )-specific CD8 T cells isolated from both the spleen and the PDLN (Figure 6b ). In contrast, no reduction was observed when IFN-γ was neutralized, indicating that, in vivo, IFN-γ may act through a more indirect pathway whereas TNF-α may increase apoptosis directly. Interestingly, in CD8 cells, reduction in apoptosis was only observed in the PDLN, not in the spleen, even though the frequency of D b (NP 396 )-specific CD8 T cells was similar in both organs (Figure 6b ). This suggests that the local inflammation was more dependent on TNF-α in the PDLN than in the spleen.
Discussion
Viruses that do not directly destroy β cells can enhance the course of autoimmune diabetes through several different and distinct pathways. The first acts directly on autoreactive lymphocytes through either cross-reactivity (19, 20) or cytokine-mediated bystander effects (18) , which respectively can either increase their numbers or reduce them by induction of apoptosis (42) . The second affects β cell death via the local milieu of cytokines in the pancreas. However, our study shows that an experimental cure from disease following viral infection is possible by recruitment of autoaggressive T cells away from the islet infiltrate. This involves virally induced inflammation in the PDLN, most notably a strong induction of IP-10 that is known to predominantly attract activated Th1-type T lymphocytes expressing CXCR3 (38, 43) . The attraction of infiltrating lymphocytes to the pancreatic node is associated with increased T cell apoptosis. This disruption of the autoaggressive process is irreversible in the sense that the T cells, once they leave the islets, will not return, resulting in long-lasting prevention of disease in both NOD and RIP-LCMV mice.
In the NOD model, the observed recruitment away from islets is most likely antigen independent, since LCMV is not known to cross-react with any of the major β cell autoantigens in NOD mice, such as insulin, glutamic acid decarboxylase, and islet antigen 2 (IA2). However, the LCMV-induced abrogation of disease has a permanent effect, despite the fact that the autoaggressive response in the NOD model is thought to be present throughout life. Interestingly, it was recently reported that expression of IP-10 is found in islets of NOD mice and that its magnitude increases with age (44) . Thus, expression of IP-10 may usually act as an islet-retention factor for autoaggressive T lymphocytes. Infection with LCMV and the associated high level of IP-10 expression outside the islets (in the PDLN) would thus permanently disrupt this retention and recruit T lymphocytes away from the islets. We previously showed that, after LCMV infection, more than 80% of all CD8 T lymphocytes express high levels of CXCR3 (IP-10 receptor) on their cell surface (37) . One could speculate that the reduction of cellular infiltration in the islets after abrogative viral infection will sufficiently change the inflammatory milieu locally in the islets to prevent future infiltration by newly activated autoreactive lymphocytes.
In contrast to the NOD model, abrogation of T1D by LCMV infection in RIP-LCMV-NP mice has an additional, antigen-specific component. Just as in NOD mice, the recruitment of autoaggressive T lymphocytes away from the islets is associated with an IP-10 gradient between the pancreas and the PDLN. However, viral growth seems to influence the abrogative process in at least two ways. First, depending on the viral titer and the associated local inflammation in the PDLN, the IP-10 gradient was steeper, resulting in a more effective lymphocyte relocalization process. This finding does not stand in contrast with our recent report demonstrating a central role of IP-10 in the attraction of LCMV-specific T lymphocytes and its importance for the induction of autoimmune disease (37) , if one considers several crucial aspects of the timing and precise localization of IP-10 expression after LCMV infection. After primary infection of RIP-LCMV-NP mice with LCMV, IP-10 is first elevated in the PDLN (day 1 postinfection) and only later on in the pancreas (days 4-10), suggesting that T cells are first attracted to the PDLN and only later migrate to the pancreas (U. Christen, unpublished observations). However, after secondary (abrogative) infection with LCMV, such T cells, which are already in the islets and activated, are first attracted to the PDLN in an IP-10-dependent manner, as shown in the present study. Afterward, they are unable to re-enter into the pancreas, because the majority of them have been eliminated in the PDLN by apoptosis.
Second, in addition to local inflammation, the viral titer influences the antigenic load in the PDLN. The correlation of viral titer (antigen load) in the PDLN with abrogation of disease suggests an antigen-driven induction of apoptosis of autoaggressive T lymphocytes. Because of the lack of the respective antigens, this second mechanism is not likely to be operative in the NOD model. In the RIP-LCMV system, the high (self-viral) antigenic load after secondary infection ( Figure 5 ) is a prerequisite for the abrogative effect, since lower local viral titers of LCMV, as observed after secondary infection with LCMV-Arm, do not affect the disease course, although antigenic recognition of immunodominant CD4 and CD8 NP epitopes is shared between LCMVArm and LCMV-Past strains (Figure 1) . Thus, activation of autoreactive lymphocytes can have either detrimental or beneficial effects, and the fate of the ongoing autoimmune process is decided by the precise kinetics of the autoimmune response and the presence of inflammatory cytokines, such as TNF-α or IFN-γ, elicited by a viral infection. Although we found that the clearance of LCMV-Arm was accelerated in LCMV-Arm mice compared with naive mice (Figure 5) , the viral titer of LCMV-Past was similar in LCMV-Arm-immune and naive mice ( Figure 5 ). Thus, heterologous immunity, suggested to occur after sequential infections by heterologous viruses, (45, 46) seems to play only a minor role after sequential infection with LCMV-Arm followed by LCMV-Past. More important here is that viral infections with variants of the same strain might exhibit differential effects, because their ability to grow to different viral titers will influence their effect on ongoing disease. Since many RNA viruses occur as quasispecies harboring a multitude of different sequences, mutating relatively rapidly and selected for fitness in vivo (47) , the likelihood of a specific viral strain causing T1D or MS in individuals at risk will be difficult to predict or record with immunological and virological analyses.
Mechanistically, our in vivo observations with blockade of TNF-α or IFN-γ demonstrate the importance of both cytokines in the abrogation of the prediabetic process, since they are required for induction of apoptosis of autoaggressive CD8 T lymphocytes in RIP-LCMV mice. However, TNF-α appears to mediate this in a more direct fashion, since the proapoptotic effect can be demonstrated directly in vitro using cultures of activated, autoaggressive LCMV-NP lymphocytes. In contrast, based on our findings presented here, we propose that IFN-γ is more indirectly connected to apoptosis of autoaggressive T cells, because addition of IFN-γ to in vitro cultures has no detectable effect. Most likely, IFN-γ acts during the brief activation and expansion of the autoaggressive response following the abrogative viral infection, for example by upregulating MHC class I. Indeed, IFN-γ is usually the earliest cytokine produced, for example by NK cells, after LCMV infection, whereas TNF-α peaks later and is mostly generated by CD8 lymphocytes and certain APCs.
One can conclude that certain proinflammatory cytokines and chemokines can have beneficial effects during the later course of an ongoing autoimmune process. Similarly, Furlan et al. demonstrated a protective effect of IFN-γ when delivered intrathecally using a herpes simplex virus-1-derived vector containing the mouse IFN-γ gene, in a mouse model for the chronicprogressive form of experimental autoimmune encephalomyelitis (EAE) (48) . Recovery of IFN-γ-treated mice after initiation of EAE by immunization with myelin oligodendrocyte glycoprotein (MOG ) was associated with an increased rate of apoptosis of CNS-infiltrating lymphocytes (48) . Thus, the precise location, dose, and timing of cytokine expression will be essential for achieving a reduction of the autoaggressive response. Indeed, a similar scenario can occur for TNF-α. The exact time of β cell-restricted TNF-α expression determines whether or not autoimmune diabetes develops in RIP-LCMV-GP mice (24, 41) . Alternatively, under the appropriate circumstances early in disease, autoimmune diabetes is dependent on IFN-γ (36), as well as TNF-α, and blockade of either molecule prevents disease (24, 36, 41) .
Our findings could offer an explanation of why it has been very difficult to establish a causal relationship between viruses and T1D, and maybe why autoimmune diseases such as diabetes occur with lower incidence in countries with poorer hygienic/microbial control. It has been noted that development of diabetes is reduced in the presence of higher amounts of pathogens, as is the case in equatorial countries and, for example, in some less hygienic vivariums housing NOD mice. Certainly, our data show that an ongoing or programmed autoimmune process can be aborted or diminished if induction of chemokines such as IP-10, as well as inflammatory cytokines, in the vicinity of the pancreatic islets recruits lymphocytes away from the autoaggressive process, leading to their demise. The precise timing and localization of the cytokines and chemokines is crucial and must be factored in when one is considering the complex links between inflammation and autoimmunity.
